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(57) ABSTRACT

A composite dielectric material doped with rare earth metal
oxide and a manufacturing method thereof are provided. The
composite dielectric material 1s doped with nano-crystalline
rare metal oxide which 1s embedded 1n silicon dioxide glass
matrix, and the composite dielectric material of the nano-
crystalline rare metal oxide and the silicon dioxide glass
matrix 1s synthesized by the manufacturing method using
sol-gel route. The dielectric value of the glass composite
dielectric material 1s greater than that of pure rare metal oxide
or that of silicon dioxide. In presence of magnetic field, the
dielectric value of the composite dielectric material 1s sub-
stantially enhanced compared with that of the composite
dielectric material at zero field.
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COMPOSITE DIELECTRIC MATERIAL
DOPED WITH RARE EARTH METAL OXIDE

AND MANUFACTURING METHOD
THEREOF

FIELD OF THE INVENTION

The present imvention relates to a composite dielectric
material and a manufacturing method thereof, and more par-
ticularly to a composite dielectric material doped with nano-
particles of rare earth metal oxide embedded 1n silicon diox-
ide  showing  colossal dielectric  response  and

magnetodielectric effect and a manufacturing method
thereol.

BACKGROUND OF THE INVENTION

Silicon (S1) element 1s a type of semiconductor material
commonly used 1n electronic industries, and can be used as a
substrate of a semiconductor water which thus can be depos-
ited with various conductive material and dielectric material
by semiconductor processes, wherein various deposited lay-
ers thereon are then patterned by suitable photomask expo-
sure and development processes, so as to construct multi-
layer patterned integrated circuit (IC) structures. After
forming the IC structures, the semiconductor wafer can be cut
into a plurality of chips for being used as active control
clements of various electronic products.

For a dielectric layer of the semiconductor water, the most
common dielectric material 1s silicon dioxide (silica, S10.,),
silicon nitride (S1;N,), silicon oxynitride (S1ON) and eftc.
However, with the line-width miniaturization of IC processes
(such as 0.13 wm processes), a dielectric layer of S10, with
too smaller thickness will cause the phenomenon of elec-
tronic breakdown accompamed with very large static leakage
power due to direct tunneling, wherein the direct tunneling,
leakage current seriously affects the power consumption of
circuit elements which thus lose normal operation functions
thereot (such as a memory storage function). Thus, when the
thickness of a S10, dielectric layer of a gate 1s designed to be
smaller than 10 nm, the manufacturer uses high-k maternial to
replace traditional S10, material for solving the serious phe-
nomenon of direct tunneling leakage current. Under the same
thickness of S10,, the high-k material can substantially pro-
vide a greater physical thickness to solving the techmical
problem of direct tunneling leakage current.

The common high-k material comprises Al,O,, H1O,,
/r0,, T10,, La,O,, Pr,O, or mixture thereotf. The foregoing
high-k material can be applied to gate dielectric layers 1n ICs.
For example, the gate dielectric layers are important struc-
tural layers of metal oxide semiconductor field effect transis-
tors (MOSFETs). Under the same thickness of S10,, the
quantum tunneling can be up to 1.5 to 2.5 nm. For increasing
the speed of circuit elements and lowering the threshold volt-
age thereol, the thickness of the gate dielectric layers need to
be continuously lowered. If the gate dielectric layers are
thinner, the desire of the gate dielectric layers 1s stricter, 1.¢. 1t
needs to use the foregoing high-k material to provide a lower
leakage current or higher breakdown field.

Generally, the foregoing dielectric material or high-k mate-
rial 1s processed by heating silicon substrate, chemical vapor
deposition (CVD) or DC magnetron sputtering system to
obtain an oxide layer of S10, or a high-k coating. However,
syntheses and crystallo-chemistries of the foregoing perovs-
kite type compounds are too complicated, while the stability
of pure phase thereot, the precise control of composite and
oxygen stoichiometry are also very difficult. Therefore, 1t
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needs to use amorphous high-k oxide candidates with supe-
rior phase stability for designing and assembling multifunc-

tional devices that operate at higher temperatures. In addition,
the superior electronic performance of Si1 1n particular the S1
surface that 1s realized with an S10,, overlayer, the S1—S10,,
interface, has not been achieved with any other semiconduc-
tor-dielectric combination to this day. S10, effected a seem-
ingly magical improvement in the electrical characteristics of
the S1 surface compatible with planarization technology.
Future CMOS generations may be enhanced by nanocrystal-
line high-k dielectrics, and added tunctionality and flexibility
may be achieved through oxide/silicon/oxide heterostruc-
tures for quantum-effect devices.

Recently, there has been a trend of development of mag-
netic nanoparticle 1n nonmagnetic dielectric matrix to tailor
desired magnetic, dielectric, and other properties depending
on the concentration of the magnetic 1ons. However, these
types of perovskites possess compositional variations, struc-
tural inhomogeneities, or phase heterogeneities 1n physical
scale from micron or submicron range to the atomic level.
This suggests that the high-k value and MD behavior of
alforementioned complex system 1s not a fTundamental prop-
erty but 1s rather an artifact associated with mesoscopic het-
crogeneities of the system. Therefore, searching for alterna-
tive materials containing single-valent ions with phase
stability would be highly desirable.

As a result, 1t 1s necessary to provide a semiconductor
waler having dielectric layers showing colossal magnetodi-
clectric effect and a manufacturing method thereof to solve
the problems existing 1n the conventional technologies, as
described above.

It 1s found by the present invention that magnetic rare earth
oxides (RE,O,, RE means lanthanoids, 1.e. a series of 10
clements from La to Lu 1n the periodic table) can be embed-
ded into S10, glass matrix to form composite of super-para-
magnetic nanoparticles showing colossal magnetodielectric
(MD) effect, wherein the colossal MD behavior in this glassy
system 1s related to the magnetic spin and the dipole coupling
through the lattice, so as to be able to develop magnetoresis-
tance change effects associated with nanoparticles size and
concentration.

SUMMARY OF THE INVENTION

A primary object of the present invention 1s to provide a
composite dielectric material doped with nanoparticles of
rare earth metal oxide embedded 1n silicon dioxide showing
colossal dielectric response and magnetodielectric effect and
a manufacturing method thereof, wherein nanoparticles of
rare earth oxides (RE,O,, RE means lanthanoids, 1.¢. a series
of 10 elements from La to Lu in the periodic table) can be
embedded into S10, glass matrix by using sol-gel route, so as
to form a glass composite system used as composite dielectric
material which 1s also applied to a dielectric layer of a semi-
conductor water. The composite dielectric material can show
colossal dielectric response and magnetodielectric effect
under an externally applied magnetic field, so that it can
increase the dielectric coetlicient of the dielectric layer of the
semiconductor waler and lower the leakage current and
power consumption thereof. As a result, 1t 1s advantageous to
develop a multifunctional integrated circuit which can nor-
mally operate at room temperature or higher temperature.

To achieve the above object, the present invention provides
a composite dielectric material doped with nanoparticles of
rare earth metal oxide embedded 1n silicon dioxide showing
colossal dielectric response and magnetodielectric effect,
which comprises a matrix and a plurality of nanoparticles,
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wherein the matrix comprises silicon dioxide (S10,), the
nanoparticles comprise at least one type of rare earth metal
oxide, and the particle diameter of the nanoparticles 1s ranged
from 2 nm to 10 nm.

In one embodiment of the present invention, the rare earth
metal oxide 1s selected from erbium oxide (Er,O;), europium
oxide (Eu,O,) or the mixture thereof.

In one embodiment of the present invention, the composite
dielectric material 1s applied to a dielectric layer of a semi-
conductor water, wherein the water has a surface and the
dielectric layer 1s formed on the surface of the wafer, the
dielectric layer comprises a glass composite of the rare earth
metal oxide and silicon dioxide of the nanoparticles in the
composite dielectric matenal.

In one embodiment of the present invention, the surface of
the watler has at least two electrode layers, and the dielectric
layer 1s disposed between the electrode layers.

In one embodiment of the present invention, the surface of
the water has a plurality of electronic elements which pass
through the dielectric layer to be electrically connected the at
least two electrode layers with each other.

In one embodiment of the present invention, the nanopar-
ticles are a glass composite of the rare earth metal oxide and
silicon dioxide different from the silicon dioxide of the
matrix.

On the other hand, the present invention provides a manu-
facturing method of composite dielectric material doped with
nanoparticles of rare earth metal oxide embedded in silicon
dioxide showing colossal dielectric response and magnetodi-
clectric effect, which comprises steps of: mixing tetracthy-
lorthosilicate (TEOS) and at least one type of rare earth metal
chloride 1nto a silica gel; and processing the silica gel by
calcination to reach a predetermined calcination temperature
ranged from 700° C. to 1200° C., so that the silica gel 1s
converted 1into nanoparticles of a glass composite of rare earth
metal oxide and silicon dioxide to thus form a composite
dielectric material having the rare earth metal oxide, wherein
the particle diameter of the nanoparticles 1s ranged from 2 nm
to 10 nm.

In one embodiment of the present invention, the rare earth
metal 1s selected from erbium (Er), europium (Eu) or the
mixture thereof.

In one embodiment of the present invention, the composite
dielectric material 1s applied to a surface of a semiconductor
waler to form a dielectric layer, and the dielectric layer com-
prises the glass composite of the rare earth metal oxide and
the silicon dioxide of the composite dielectric matenal.

In one embodiment of the present invention, the concen-
tration of the rare earth metal chloride doped 1n the TEOS 1s
ranged from 0.1 mole % to 1.0 mol %, such as 0.5 mol %.

In one embodiment of the present invention, the concen-
tration of the nanoparticles of the rare earth metal oxide doped
in the silicon dioxide 1s ranged from 0.1 mole % to 1.0 mol %,
such as 0.5 mol %.

In one embodiment of the present invention, before pro-
cessing the silica gel by calcination, keeping stationary to dry
the silica gel of the TEOS and the rare earth metal chloride.

In one embodiment of the present invention, when process-
ing the silica gel by calcination, the silica gel of the TEOS and
the rare earth metal chloride 1s processed by multi-step cal-
cinations to form the composite dielectric material doped
with the nanoparticles of the rare earth metal oxide embedded
in the silicon dioxide.

In one embodiment of the present invention, aiter forming,
the composite dielectric material, further comprising: mixing,
the glass composite of the rare earth metal oxide and the
silicon dioxide with TEOS 1n another sol-gel process to
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obtain a mixture solution; applying the mixture solution onto
a surface of a semiconductor water by spin coating to form a
silica gel layer; and processing the silica gel layer by calci-
nation, so as to form a dielectric layer having the glass com-
posite of the rare earth metal oxide and the silicon dioxide and
a silica matrix, wherein the silicon dioxide of the silica matrix
1s different from the silicon dioxide of the nanoparticles of the
glass composite.

DESCRIPTION OF THE DRAWINGS

FIG. 1(a)1s a TEM microscopic image of an Er05-8 sample
according to a preferred embodiment of the present invention,
wherein an upper right mset figure 1s a particle size distribu-
tion histogram of the sample; and a lower right inset figure 1s
a HRTEM (high resolution TEM) microscopic image of the
sample;

FIG. 1(b) 1s a selected-area electron-difiraction (SAED)
pattern of the sample according to the preferred embodiment
of the present invention;

FIG. 1(c) 1s a curve diagram of XRD patterns of Er05-7,
Er05-8 and FEr03-12 samples according to the preferred
embodiment of the present invention;

FIG. 2 1s a magnetic hysteresis diagram of the Er(05-8
sample recorded at different temperatures according to the
preferred embodiment of the present invention, wherein an
upper lelt inset figure 1s an enlarged relationship diagram of
mass-magnetization (o) vs. magnetic field (H) in a region
close to the coercive field value, and a lower right inset figure
1s a relationship diagram of mass-magnetization (O) vs. mag-
netic field/temperature (H/T) at different temperatures;

FIG. 3(a) 1s a relationship diagram of the dielectric value
(€") and the absolute temperature (1) of the Er05-8 sample at
different frequencies according to a preferred embodiment of
the present invention;

FIG. 3(b) is a relationship diagram of In(€'™'-&"_ ") vs
In(T-T ) at temperatures higher than the absolute tempera-
ture (T, ) for the Er05-8 sample at different frequency values
according to the preferred embodiment of the present inven-
tion;

FIG. 3{c) 1s a curve diagram of a dielectric hysteresis loop
showing FEL behavior according to the preferred embodi-
ment of the present invention;

FIG. 3(d) 1s a relationship diagram of the dielectric value
(€") and the absolute temperature (1) of the Er03-12 sample
and pure bulk Er,O, material according to the preferred
embodiment of the present invention, indicating similar non-
FEL feature;

FIG. 3(e) 15 a relationship diagram of the dielectric value
(€") and the absolute temperature (1) of the Eu05-8 sample at
different frequencies according to the preferred embodiment
of the present invention;

FIG. 4(a) 1s a curve diagram of the dielectric loss tangent
tan 0 of the Er05-8 sample at different frequencies according,
to the preferred embodiment of the present invention;

FIG. 4(b) 1s a curve diagram of the representative Arrhe-
nius plot of the relaxation time of the Er05-8 sample accord-
ing to the preferred embodiment of the present invention,
wherein activation energy values (eV) in each peak values are
illustrated;

FIG. 5 1s a curve diagram of temperature dependence of ac
conductivity (o) of the Er05-8 sample at various frequen-
cies according to the preferred embodiment of the present
invention, wherein a lower right Inset figure 1s an optical
absorption spectra of the Er05-8 sample at room temperature;

FIG. 6 1s a curve diagram of temperature dependence of
grain resistance (R.) of erbium oxide calculated from an
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impedance complex plane plots according to the preferred
embodiment of the present invention, wherein an upper right
inset shows a schematic model of equivalent electrical cir-
cuits;

FI1G. 7(a) 1s a curve diagram of dielectric value (€') and the
absolute temperature (1) of the FEr03-8 sample measured
under different applied magnetic fields at a fixed frequency
(2.5 kHz) according to the preferred embodiment of the
present invention, wherein an upper left inset figure 1s the
variation of the mverse of dielectric value (€") with tempera-
ture, exhibiting the Curie-Weiss behavior; and a lower left
inset figure 1s the dielectric strength (AS'/€") of the Er05-8
sample, showing linear variation with the square of magneti-
zation (M?), measured in the vicinity of T, (~275 K);

FI1G. 7(b) 1s a curve diagram of dielectric value (€') and the
absolute temperature (1) of the Er05-7 sample measured
under a 9T applied magnetic fields at various frequency (kHz)
according to the preferred embodiment of the present mnven-
tion;

FI1G. 7(c)1s a curve diagram of dielectric value (€') and the
absolute temperature (1) of the Er03-8 sample measured
under a 9T applied magnetic fields at various frequency (kHz)
according to the preferred embodiment of the present mven-
tion;

FIG. 8 15 a curve diagram of temperature dependence of
grain resistance (R, ) of erbium oxide calculated from an
impedance complex plane plots with external magnetic field
according to the preferred embodiment of the present imnven-
tion, wherein an upper right inset figure 1s the temperature
dependence of ac conductivity (oac) at a fixed frequency (2.5
kHz) with various externally applied magnetic fields; and

FI1G. 9 15 a schematic view of a glass composite system of
erbium oxide and silicon dioxide nanoparticles applied to a
dielectric layer of a semiconductor waler according to the
preferred embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The structure and the techmical means adopted by the
present invention to achieve the above and other objects can
be best understood by referring to the following detailed
description of the preferred embodiments and the accompa-
nying drawings.

In the present invention, super-paramagnetic nanoparticles
of rare earth metal oxides (such as erbium oxide Er,O; or
curopium oxide Eu,O,) are evenly embedded into a silica
(S10,) glass matrix to form a composite dielectric material
showing colossal magnetodielectric (MD) effect, wherein the
composite dielectric material can be applied to a dielectric
layer of a semiconductor water. This colossal MD behavior 1n
this glassy system 1s related to the magnetic spin and the
dipole coupling through the lattice, so as to be able to develop
magnetoresistance change effects associated with nanopar-
ticles size and concentration. For example, a sol-gel tech-
nique can be used to cause the growth ot Er,O, magnetic
oxides 1n 1organic silica matrix. Among various rare earth
oxides, Er,O, has the highest MD eftect, the highest resistiv-
ity (10"%-10" cm™), a larger band gap (E,=5-7 V), a static
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dielectric constant value (k) about 14, good thermodynamic
stability with silicon and etc. The sol-gel process can provide
a convenient way for designing rare earth metal oxide nano-
particles with nearly uniform sizes and homogeneous disper-
sion 1n the silica matrix. Thus, the present invention waill
describe the sol-gel process used for the preparation of rare
earth metal oxide nanoparticles in S10,, matrix more detailed
hereinatter.

The present invention will provide a preferred embodiment
hereinafter, wherein the erbium oxide Er, O, 1s exemplified to
explain the technical concept of the present invention. In the
preferred embodiment of the present invention, a composite
system of erbium oxide and silica glass showing colossal
magnetodielectric behavior can be synthesized at room tem-
perature under atmospheric condition by a simple and eco-
nomic single-step process. Firstly, a silica gel doped with
erbium oxide 1s prepared by tetracthylorthosilicate (TEOS,
1.e. S1{OC,H.),) and the dopant of erbium chloride (ErCl,),
wherein the dopant concentration of erbium chloride 1s pret-
erably ranged from 0.5 mol %, and the remaining 1s 99.5 mol
% silica (510,); and wherein erbium chloride will be con-
verted mto erbium oxide after being treated at high tempera-
ture by the following calcination. The manufacturing method
of the present invention i1s based on a hydrolysis of precursors
(TEOS), a water condensation of hydrolyzed TEOS and an
alcoholic condensation thereof, wherein the foregoing reac-
tions are carried out 1n a medium containing a hydro-alco-
holic solution of erbium salt and are listed, as follows:

Hydrolysis of TEOS:

Si(OC,Hs )y +4nH,0—#Si(OH),+41nC,H.OH

Water condensation:

#Si(OH),—=#Si0,+211,0

Alcoholic condensation:

1#Si(0C, 1), +2H,0—#Si0,+41C,H OH

After finishing the sol-gel step, the composite of erbium
oxide and silica glass of the present invention 1s dried at room
temperature about 3 to 6 weeks, so as to obtain a monolithic
transparent gel sample. Then, the room temperature 1s gradu-
ally raised to a high temperature to process the composite of
erbium oxide and silica glass 1s calcined (1.e. annealed) by
multi-step calcinations, to reach different predetermined
maximum calciation temperatures (700° C., 800° C., 900°
C. and 1200° C.), as shown 1n the following temperature
raising flowchart, wherein temperature raising speed (°
C./min) and duration (hours) of each of temperature raising
steps 1s different from each other, but the difference value 1s
not limited thereto. The silica gels doped with erbium cal-
cined by the three different maximum calcination tempera-
tures are also called Er05-7, Fr05-8 and Er05-12 in turn
hereinafter, wherein the Er05-7, Er05-8, Er05-9 and Er05-12
represent that three embodiments of composite samples of
erbium oxide and silica glass having 0.5 mol % Er,O, are
prepared under different predetermined maximum calcina-
tion temperatures (700° C., 800° C., 900° C. and 1200° C.) in
turn.
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» 250° C. (4 hrs) » 310° C. (4 hrs)

Room Temp.

~

-

0.4° C./mun 0.4° C./min

440° C. (16 hrs)

> 500° C. (4 hrs)

= 600° C. (4 hrs)

0.4° C./min 0.7° C./mun

700° C. (16 hrs)

» 800° C. (4 hrs) » 000° C. (4 hrs)

0.9° C./min

o

0.7° C./min

-

0.7° C./mun 0.7° C./min

1000° C. (4 hrs) » 1200° C. (4 hrs)

0.7° C./min

When the silica gels doped with erbium and prepared by
the sol-gel route are calcined at about 400° C., the silica gels
doped with erbium will become porous, and the pores thereof
start to collapse at about 700° C. With raising the temperature,
the functional group “=S1—0OH” will be condensed 1nto
“—=81—0—81="", so as to enhance the collapse of the pores,
wherein 10ons of the rare earth metal oxide are only loosely
attached to the vicinity of the pores. The nano-scale dimen-
sions of the clusters reside of the rare earth metal oxide
depend upon the annealing temperature thereot. For example,
at a higher temperature (such as 800° C.), collapse of larger
pores will take place, while more Er-1ons are agglomerated to
form nanoparticles with greater size. Thus, at a further higher
temperature (such as 1200° C.), Er,O; nanoparticles in the
silica matrix will grow into a further greater size. After fin-
1shing the multi-step calcination, irregular mass of composite
of erbium oxide and silica glass can be obtained.

To understand properties of the silica gel samples doped

with erbium, powder XRD of the samples 1s performed by
using CuK  radiation. An ultra high resolution TEM (HR-

TEM, Model: JEM-3010, JEOL) 1s used to analyze the
detailed structure of the Er05-7 and Er05-8 samples. Optical
absorption spectra were carried out by using a UV-visible
spectrometer (Model: 2101 PC, Shimadzu) within the 200-
900 nm region. The magnetic hysteresis measurements were
performed 1n a SQUID magnetometer (Model: MPMS-XL,
Quantum Design) with temperatures varying from 2 to 300 K,
equipped with a superconducting magnet producing fields up
to £6 T. The MD measurements were carried out with a LCR
meter (Model No. E4980A, Agilent) in conjunction with a
cryostatic arrangement integrated to the physical properties
measurement system (PPMS) (Model: 6000, Quantum
Design) configured up to 9 tesla (1) magnetic field. Ferro-
clectric loop measurement was carried out by using a Preci-
sion LC meter (Model: 609E-6, Radiant Technologies). The

present invention concentrates the variations in temperature

0.7° C./min
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and frequency dependent MD properties mainly on the
Er05-8 sample for clarity and compare the analysis with
Er05-7, Er05-9, and Er05-12 hereinatter.

Firstly, properties of the erbium-doped silica gel sample
measured by TEM, XRD and SQUID are described, as fol-
lows: Referring now to FIG. 1(a), the TEM 1mage of the
powder specimen of the Er03-8 sample shows nearly spheri-
cal nanoparticles of Er,O, 1n the particle size range of about
3-6 nm present in the glass matrix. As shown in the upper right
inset figure of FIG. 1(a), the particle size distributions histo-
gram of the sample 1s 1llustrated. As shown 1n the lower right
inset figure of FI1G. 1(a), a HRTEM (high resolution TEM)
microscopic 1image ol the sample (Er,O; nanoparticles) 1s
illustrated, and shows clear lattice fringes with interplanar
spacing (3.05 A) which agrees with the d spacing confirming
the presence of nanocrystalline phase. Referring now to FIG.
1(b), the selected-area electron-difiraction (SAED) pattern of
the sample shows spotted ring patterns suggesting the devel-
opment of regions of localized crystallinity.

Referring now to FIG. 1(c¢), the curve diagram of XRD
patterns ol the high temperature annealed system Er05-12
sample (3) 1s illustrated, wherein the XRD patterns of the
Er05-12 sample 1s crystalline with quite large Er,O, nano-
particles (>40 nm) which thus clearly exhibits the most

intense characteristic line corresponding to the single phase
Er,O, at 20 about 29.30° (peak value: 222). Applying the
well-known Scherrer’s equation, sizes of Er-oxide nanopar-
ticles (Er05-12) are also estimated from the integral breadths
of the lines as shown 1n Table 1. The XRD patterns of Er03-7
and Er05-8 samples cannot be well resolved due to their
amorphouslike character. Only a very feeble broad peak can
be traced with great difficulty 1n the XRD domain, 20=10°-
65°. It 1s confirmed that the sizes of Er,O; nanoparticles
embedded 1n the silica glass matrix grow larger for samples
calcined at higher temperatures.

TABLE 1

Powder XRD and TEM structural data, dielectric coeflicient (k),
phase transition temperature, and other parameters of the magnetodielectric

glass composite system of Er,05:5105:

Curie-Weiss fitting

Particle Particle Magnetic Temp of parameters
S1Ze S1Z¢e field Max Max Curie-Weiss  Curie-
Interplanar [nm] [nm | Intensity  dielectric  dielectric Temp Weiss
intercept  (from (from H value value T, C
Sample (hkl) XRD) TEM) (Tesla) €, T, (K) (K) (K)
Er05-7 Predomi- =Y 0 369 255 — —
nantly 5 571 255
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5 1-continued

Powder XRD and TEM structural data, dielectric coeflicient (k),

phase transition temperature, and other parameters of the magnetodielectric
olass composite system of Er,O;:810,:

Curie-Weiss fitting

parameters
Curie-Weiss  Curle-
Temp Weiss
T, C
(K) (K)
260.06 3968.82
270.12 6211.29
271.64 6918.04

10

Particle Particle Magnetic Temp of
s1Ze s17e field Max Max
Interplanar [nm] [nm] Intensity  dielectric  dielectric
intercept  (from (from H value value
Sample (hkl) XRD) TEM) (Tesla) €,ix T, . (K)
aImnor- 9 763 260
phous
Er05-8 --) Predomi- = 0 284 270
nantly 5 570 280
aImor- 9 724 280
phous
Er05-12 (211), >4() - - - 0 — —
(2 22),
(4 0 0),
(4 4 0),
(62 2)

The magnetic-field (H) dependence of the magnetization
of the Er05-8 sample 1s carried out in the magnetic field range
ol +6 tesla and at different temperatures. Referring now to
FIG. 2, the magnetization loop (zero area) obtained up to S K
displays characteristics of superparamagnetism. Moreover,
as shown 1n the lower right 1nset figure of FIG. 2, the rela-
tionship of mass-magnetization (o) vs magnetic field/tem-
perature (H/T) at different temperatures 1s linear and col-
lapses to a single curve indicating the presence of super-
paramagnetic phase of Er,O, nanoparticles (NPs) embedded
in S10, glass matrix. At the temperature 2 K, hysteretic
behaviors are observed and the coercive field 1s found to have
a non-zero value (H_=0.020 tesla). It means that the NPs are
going to be the magnetically ordered state at 2 K. As shown in
the upper lett inset figure of FIG. 2, an enlarged relationship
diagram of mass-magnetization (o) vs. magnetic field (H) 1n
a nearly central region 1s 1llustrated, wherein it 1s evident from
the bulging of the hysteresis loop near the central region and
also the magnetic moment/unit mass 1s enhanced compared to
other measuring temperature. The hysteresis curves of F1G. 2
do not show any magnetic saturation 1n the magnetic field
range of =6 tesla, from which 1t 1s inferred that the Er,O; NPs
contained in the samples possess large anisotropic fields.

Then, for dielectric spectroscopy, referring now to FIG.
3(a), the temperature dependence of the real part of the rela-
tive dielectric constant (€') of the Er05-8 sample 1n absence
of magnetic field at several frequencies (2.5 kHz to 100 kHz),
logarithmically separated by one decade, 1s 1illustrated,
wherein the shape of the curves has a well defined maximum
dielectric value (€' ) at'T_ about 270° K, and the frequency
dependence indicates the phenomenon of dielectric relax-
ation. However, a notable broadening around the maximum
dielectric value (€' )1s indicative ot a diffuse phase transition
(DPT) presence with high dielectric constant (€'), quite dif-
terent and much higher from pure bulk Er,O;. From DPT
theory, 1n order to characterize the phase transition, the
empirical expression can be used, as follows:

El_l_elm_l :CI'(T_Tm)Y

wherein v 1s the diffuseness exponent indicative of degree
of disorder; C, 1s a temperature independent co-efficient (1n
general, dependent of frequency); and €' 1s the maximum
value of dielectric constant (&') at T_. For y=1, there 1s a
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normal Curie-Weiss behavior; and for y=about 2, it implies a
typical DPT for the ideal ferroelectric relaxor.

Referring now to FIG. 3(b), a relationship diagram of
In(E~'-&' ~") vs In(T-T ) at temperatures higher than the
absolute temperature (1) for the Er03-8 sample at different
frequency values, wherein a linear fitting for the Er03-8
sample can obtain that v=1.84, which 1s close to the relaxor
value. Any space-charge or interfacial polarization 1s not
responsible the enhancement of dielectric constant below T, .
referring now to

FIG. 3(d), it should be noted that the temperature and
frequency dependent dielectric constant (€') of the corre-
sponding higher temperature calcined Er03-12 sample does
not show this DPT behavior, but 1s similar to pure bulk Er, O,
and unlike other two lower calcined samples. This indicates
that DPT character disappears with growing crystalline
Er,O, clusters (1.e. with increasing calcination temperature of
the prepared sol-gel glass). The critical calcinations tempera-
ture above which DPT behavior completely diminishes for
this typical concentration of Er,O; (about 0.5 mol %) 1s found
to be around 1000° C. The DPT behavior 1s thus confined to
the low temperature calcined system (<1000° C., such as
between 700° C. and 1000° C.) only where the nanoparticles
are 1n the 2-10 nm range and the system is 1n the super-
paramagnetic phase.

Referring now to FIG. 3(¢), to check the possible ferroelec-
tric correlation, hysteresis loop 1s also observed, which rep-
resents a polarization cycle using higher polarization fre-
quency (2000 Hz) and applied electric field up to £2.0 kV/cm,
wherein remnant polarization value (Pr) 1s about 0.032
uC/cm?, and coercive field (Ec)is about 0.78 kV/cm at 275 K.
The relatively narrow polarization electric field (P-E) loop
without saturation demonstrates a non-canonical FEL behav-
ior. The hysteresis loops are very spurious artifact that
resemble true ferroelectric, and look very much like those of
alossy dielectric. In this nanoparticle-glass composite system
(0.5 mol % Er,0O;: 99.5 mol % $10,), the concentration of
Er,O, nanocrystalline 1s very small. Moreover, the polariza-
tion-electric field characteristics are studied using higher
polarization frequency (2000 Hz), wherein the maximum
frequency limit 1s due to the used instrument (Precision LC
meter, Radiant Technologies). The high frequency hysteresis
loop will be more closely related to the intrinsic ferroelectric
switching processes than the low frequency counterpart,
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while the results of hysteresis loop indicates that temperature
decreasing suggests ferroelectric-like ordering 1n the Er035-8
sample.

On the other hand, when the rare earth metal oxide-glass
sample of the present invention 1s the Eu03-8 sample (1.e. a
experimental sample with 0.5 mol % Eu,O, prepared at a
maximum calcination temperatures 800° C.) for experiments,
referring now to FIG. 3(e), the temperature dependence of the
real part of the relative dielectric constant (€") of the Eu05-8
sample 1n absence of magnetic field at several frequencies
(0.1 kHz to 100 kHz), logarithmically separated by one
decade, 1s 1llustrated, wherein the shape of the curves has a
well defined maximum dielectric value (€' ) at Tm about 270
K, and the frequency dependence indicates the phenomenon
of dielectric relaxation. Similar to Er,O;, Eu,O; has a diffuse
phase transition (DPT) presence with high dielectric constant
(&), quite different and much higher from pure bulk Eu,O,.

To understand the role of the relaxation dynamics, refer-
ring now to FIG. 4(a), the temperature dependence of the
dielectric loss tangent (tan 0, 1.e. leakage constant ratio, the
ratio 1s 1 at room temperature) 1s shown for various frequen-
cies. The main feature of tan 0 i1s the two maximum peak
values, wherein the peak A 1s at about 180 K, and the peak B
1s at about 260 K, wherein the leakage status of the peak B 1s
very small) of tan ¢ which shiit to higher temperatures as the
frequency 1s increased. The peak intensity of the peak A 1s
weaker (about 0.15) than that of the other peaks at high
temperatures, while high dielectric leakage peak at elevated
temperature peak (peak C>320 K) 1s shifted to lower tem-
perature with increasing frequency. Thus, the loss-peak posi-
tions can be obtained from the frequency and temperature-
dependent plot.

Referring now to FIG. 4(b), the resulting temperature
dependence () 1s shown 1n an Arrhenius representation. Near
the DPT temperature (T, ), thermally activated behavior with
an energy barrier B, , _ofabout 1.13 eV can be shown as the
tollowing equation: T=t_exp(E, ; /kT). However, above 300
K, the temperature dependence (t) becomes reversed with
activation energy 1.21 eV. Thus, 1t shows that dielectric relax-
ation process 1s closely associated with the presence of ther-
mally activated oxygen vacancies. In the present invention,
the dielectric constant relationship of the nanoparticle-glass
system 1s also studied with different thickness of the samples
and with different electrode materials, wherein dielectric con-
stant changes are found to be within experimental errors
indicating intrinsic nature of this system.

Referring now to FIG. 5, the real part of conductivity (o, )
of the complex ac conductivity (o*) at various frequencies 1s
illustrated. When o, x&"x1, the temperature dependence of
o'(T) 1s 1dentical to that of the dielectric loss. At higher
frequency dependence of conductivity (o') can be described
by the so-called umiversal dielectric response (UDR) with the
addition of a dc conductivity, o_=0 , +0_I" (where odc=dc
bulk conductivity; (co=constant; and s=exponent). Relax-
ation features seen 1n €'(T) should be accompanied by peaks
in oac( 1) consisting of two temperature regions, shifting with
frequency to the higher temperature.

The Maxwell-Wagner (MW) effect or the interfacial phe-
nomena model 1s usually adopted to explain the dielectric
relaxation phenomena with high permaittivity. This nano-glass
composite system basically comprises a mixture of magnetic
nanocrystalline Er,O, grain separated by more insulating
inter-grain (S10, matrix). Such an increase 1n the dielectric
constant with DPT behavior may be a signature of the effect
of internal barrier layer capacitance (IBLC), which 1s directly
proportional to the ratio of the grain size and the grain bound-
ary thickness. Then, referring now to FIG. 6, the impedance
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data are analyzed using an equivalent circuit consisting of two
parallel resistor-capacitor (RC) elements connected in series.
One RC element (R, and C,) corresponds to the more con-
ductive region (Er,O; nanoparticles) and the other RC ele-
ment (R, and C_,) corresponds to the more resistive part
(510, matrix) of the sample. Each of the RC elements gener-
ally gives rise to an arc in the complex impedance Z"-7! plane.
The impedance spectroscopic data are analyzed with the help
of commercial software (Z-VIEW, version 2.9¢). According
to the popular technique of explaining impedance spectra in
the complex Z"-7! plane, the high frequency arc 1s related to
the grain (intrinsic effect). At low temperature (1, <270 K),
almost the entire measured frequency region (20-2x10° Hz) is
dominated to have the grain response, governed by the intrin-
sic effect.

As shown 1n FIG. 6, 1t shows that the contribution of grain
(Er,0O;) resistance (R, values obtained tfrom equivalent cir-
cuit model) of the Er05-8 sample 1s used as a function of
measuring temperature, wherein R _(T) reveals transition
(about 270 K) coinciding with the Tm of €'(T) as well as a
o . These experimental results imply that the nature of
charge carries responsibility for dielectric relaxation peaks
and dc conduction belongs to the same category, which 1ndi-
cates that the polarization relaxation has a close relation with
the conductivity in grain interior, and the polarization process
probably depends on the conducting of the charge 1n the grain
interior.

Referring now to FIG. 7(a), about the magnetodielectric
(MD) effect, the present invention also shows large increase
of dielectric value (€") under an externally applied magnetic
field for the Er05-8 nanoparticles. A large increase of dielec-
tric value (€') (about 2.75 times) under a magnetic field of 9
T observed around the transition temperature region 240-280
K at 2.5 kHz. As shown 1n upper left inset figure of F1G. 7(a),
the field dependent inverse of dielectric constant with tem-
perature 1s also found to fit the Curie-Weiss law with Curnie
constant (C) and Curie-Weiss temperature (T ), as shown 1n
Table 1. It should be noted that both of the dielectric peak
temperatures T and T, shift to higher temperature regions
with increasing magnetic field. This indicates that magnetic
spins ordering occurs at higher temperature under magnetic
field, and thus spin-lattice coupling 1s reduced under mag-
netic field.

Retferring now to FIGS. 7(b) and 7(c), temperature and
frequency dependent dielectric constant 1s measured at a typi-
cal higher magnetic field (about 9 tesla) for two samples. It 1s
observed that the dielectric value (€') 1s larger 1n the lower
temperature annealed samples (1.e. particle size dependent
elfect of (&')). It 1s important to mention that the increase of
nanocrystal size by long time annealing the glass system
cause the above mentioned DPT as well as MD etflect to
decrease and ultimately disappear 11 the dielectric value (&)
reduced to that of the pure bulk crystalline Er,O;,.

As shown 1 the lower left mset figure of FIG. 7(a), to
turther clarity the character of the MD etfect, the field depen-
dent magnetodielectric strength can be measured and defined
by the following function of the square of the magnetization

(M?*) near T, (about 275 K):

AC(H)/E0)=[EH)-E(0)[/E0)

This behavior can also be calculated by the scaling func-
tion, as follows:
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Ag
o

~ aM?

wherein a 1s about 0.782 and related to the magneto-elec-
tric 1nteraction constant and magneto-striction effect. This
measurement suggests that the dielectric properties of mag-
netic nanoparticles are closely related to the disposition of the
magnetic moments 1n the sample system. Thus, in the present
sample system, the MD effect i1s related to the super-paramag-
netism, typical size and concentration of the nanoparticles of
the guest oxide (Er,O;) and S10, host glass.

Referring now to FI1G. 8, the values for temperature depen-
dent nanocrystalline Er,O; resistance (R,) 1s obtained from
equivalent circuit element along with ac conductivity 1n pres-
ence of an externally applied magnetic field, wherein a huge
remarkable magnetic-field influence feature 1s shown. A
strong positive magnetoelectric 1interaction constant 1s
observed, while the observed MD eflect 1s caused essentially
through the combination of magnetoresistance and Maxwell-
Wagner (MW) effect. When the nanocrystalline Er,O, resis-
tance decreases with the increase of externally applied mag-
netic field (1.e. negative magnetoresistance), the dielectric
constant increases with the increase of the externally applied
magnetic field (1.e. positive magnetodielectric etlect).
Enhancement of the MD etfiect through the resistance ratio
might imply the possible tunability of the resistive MD etlect.
The nanocrystalline Er,0,:810, can be spontaneously (seli-
organized) formed with almost equal size and separation
pitch 1n a natural way. It 1s intrinsic to the material, which
could be modified by well-controlled nanoparticle size with
separation pitch.

The foregoing observations demonstrate that the coupling

between magnetic and dielectric properties of nanoparticles
1s apparently a general feature of the present invention. More-
over, the particle size, separation pitch and concentrations of
the Er,O; nanocrystals contributing to the magnetically and
clectrically responded permittivity are all easily controllable
with annealing temperature and doping concentration. Fur-
thermore, the MD effect and super-paramagnetic behavior of
the present mvention 1s distinguished from other systems
showing MD behavior, and can be diminished with growth of
nano-cluster size by long time annealing the glass. Besides,
the dielectric response of the Er05-12 sample has no any DPT
(along with magnetic field effect), although 1t 1s contained
Er,O; nano-grain (particle size>40 nm) separated by S10,
barrier. As the crystal size increases, the DPT behavior and
the associated MD effect decreases, and ultimately dielectric
constant become equal to be their pure bulk crystalline coun-
terparts (without silica matrix). However, this finding cannot
be classified by the aforementioned Maxwell-Wagner contri-
bution.

In an alternative possibility, the conduction mechanism 1s
closely related to the oxygen vacancies. Thermally activated
reorientation of dipole moment via the vacancy jumping (1.¢.
the oxygen 1on jumping through the oxygen vacancy) 1s sug-
gested as the origin of the dielectric relaxation with activation
energy (about 0.7-1.2 €V). In addition, the possibility of the
contact between the electrodes and samples imfluencing the
dielectric properties 1s excluded by using different thickness
of the samples and with different electrode materials. Further-
more, with increase of cluster size of the glass sample
obtained by higher calcination temperature 1n atmosphere,
the DPT 1s gradually suppressed, and eventually disappears in

the Er05-12 sample.
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Returning to the dielectric relaxation in the Fr,05:510,
nano-glass composite system, both of the Maxwell-Wagner
mechanism and the reorienting dipole-centre model can be
used to explain the main features of colossal room-tempera-
ture magnetodielectric response. However, the present inven-
tion also has further studies and experiments with different
rare earth metal oxide systems having different concentration
to research the origin and application feasibility of the rich
dielectric material.

As described above, according to the present invention, 1t
can synthesize super-paramagnetic nanocrystalline Er,O,
particles 1n silica glass by a sol-gel method at calcination
temperatures between 700° C. and 900° C., such as 700° C.,
750° C., 800° C., 850° C. or 900° C., so as to prepare the
composite dielectric material, wherein Er,O; nano-crystals in
larger sizes can be obtained with higher calcination tempera-
tures. The features of the Er,0,:510, nanoparticles-glass
composite system according to the present mvention are
listed, as follows:

(1) Strong magnetic field dependence in the dielectric con-
stant of nanocrystalline phase pure Er,O, at different tem-
perature 1s observed.

(2) Such colossal MD behavior 1n this nanoparticles-glass
composite system at near room temperature 1s observed in the
context of the magnetic spin and the dipole coupling through
the lattice, so that it 1s advantageous to develop magnetore-
sistance change etlects associated with nanoparticle size and
concentration.

(3) Conduction mechanism 1n this nanoparticles-glass
composite system 1s closely related to the thermally activated
oxygen vacancies, which can be controlled by annealing the
nanoparticles-glass composite system 1n oxygen atmosphere.

Based on the foregoing features, referring now to FIG. 9,
the Fr,0;:510, nanoparticles-glass composite system
according to the present invention can be used as a composite
dielectric material and suitably applied to a dielectric layer
10, wheremn the dielectric layer 10 may be sandwiched
between two electrode layers 11, 12. The matrix 101 of the
dielectric layer 10 can be silicon dioxide (510,). Further-
more, the matrix 101 1s doped with the glass composite of
nanoparticles 102 and silicon dioxide, wherein the nanopar-
ticles 102 1s preferably nanoparticles at least including rare
carth metal oxide, such as erbium oxide Er,O;, europium
oxide Eu,O, or the mixture thereot, but the nanoparticles 102
may include other composition, such as other silicon dioxide
different from the silicon dioxide of the matrix 101. The
present invention can control the predetermined calcination
temperature (ranged from 700° C. to 1000° C.) to suitably
adjust the size (ranged from 2 nm to 10 nm) of the nanopar-
ticles 102 for the purpose of providing a high dielectric value
tor the dielectric layer 10. Moreover, an electronic element 13
longitudinally passes through the dielectric layer 10 to elec-
trically connect between the two electrode layers 11, 12,
wherein the electronic element 13 1s preferably a gate elec-
trode of a transistor unit.

In one embodiment, the dielectric layer 10, the electrode
layers 11, 12 and the electronic element 13 are all formed on
an active surface of a walter 14, wherein the water 14 1s
preferably a silicon wafer, and the stacked number of the
dielectric layer 10, the electrode layers 11, 12 and the elec-
tronic element 13 can be one stack, two stacks or more, so as
to construct surface circuit pattern structures on the water 14.
After forming the dielectric layer 10, the electrode layers 11,
12, the electronic element 13 and other structural layers of
integrated circuits (not-shown), a back surface of the water 14
1s suitably ground to reduce the thickness thereof, and then
suitably cut into a plurality of chips (not-shown).
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In the present invention, the manufacturing method of the
dielectric layer 10 uses a wet sol-gel process. For example,
the wet sol-gel process may comprise the following steps of:
mixing tetracthylorthosilicate (' EOS) and a precursor dopant

(1.e. erbium chloride (Er,Cl,) with a dopant concentration of 5

0.5 mol %) into a silica gel; and processing the silica gel by
calcination to reach a predetermined maximum calcination
temperature ranged from 700° C. to 1000° C., so that the silica
gel 1s converted 1nto a glass composite of the rare earth metal
oxide (1.e. erbium oxide (Fr,.O,)) and the silicon dioxide
(S10,) to thus form a composite dielectric material having
nanoparticles 102 of the rare earth metal oxide, wherein the
composite dielectric material 1s applied to a surface of a
semiconductor water 14 to form a thin layer (1.e. the dielectric
layer 10) on the surface of the water 14, wherein the dielectric
layer 10 comprises the glass composite of the rare earth metal
oxide and the silicon dioxide of the composite dielectric
material. The matrix 101 of the dielectric layer 10 1s silicon
dioxide which can be the silicon dioxide 1n the glass compos-
ite or other silicon dioxide come from another sol-gel process
or other means. For example, 1n an alternative embodiment,
the glass composite of the rare earth metal oxide and the
s1licon dioxide 1s further mixed with TEOS 1n another sol-gel
process to obtain a mixture solution, and the mixture solution
1s applied onto the surface of the semiconductor water 14 by
spin coating to form a silica gel layer which 1s then calcined
by a similar calcination and melt 1f necessary, so as to form a
dielectric layer 10 having the glass composite of the rare earth
metal oxide and the silicon dioxide and the silica matrix.

On the other hand, according to other embodiments of the
present mvention, the erbium chloride (Er,Cl;) also can be
replaced by europium chloride (Eu,Cl,) or other rare earth
metal chloride, wherein the erbium oxide (Er,O,) 1s corre-
spondingly replaced by europium oxide (Eu,O, ) or other rare
carth metal oxide. Except for erbium (Er) and europium (Eu),
the rare earth metal used by the present invention also can be
selected from lanthanum (La), certum (Ce), prasecodymium
(Pr), neodymium (Nd), promethium (Pm), samarium (Sm),
gadolintum (Gd), terbium (Tb), dysprosium (Dy), holmium
(Ho), thultum (Tm), ytterbium (Yb), lutetium (Lu), scandium
(Sc), vttrium (Y) or the combination thereof.

As described above, 1n comparison with the traditional
high-k material which has magnetodielectric (MD) response
but the reliability and stability thereof 1s still insuilicient, the
present invention as shown in FIG. 1 uses the sol-gel route to
dope nanoparticles of rare earth oxides (such as erbium oxide
Er,O, or europium oxide Eu,O,) into S10,, glass matrix, so as
to form a glass composite system used as composite dielectric
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material which 1s also applied to a dielectric layer of a semi-
conductor water. The composite dielectric material can show
colossal dielectric response and magnetodielectric effect
under an externally applied magnetic field, so that it can
increase the dielectric coetlicient of the dielectric layer of the
semiconductor waler and lower the leakage current and
power consumption thereof. As a result, 1t 1s advantageous to
develop a multifunctional integrated circuit which can nor-
mally operate at higher temperature.

The present invention has been described with a preferred
embodiment thereof and 1t 1s understood that many changes
and modifications to the described embodiment can be car-
ried out without departing from the scope and the spirit of the
invention that 1s intended to be limited only by the appended

claims.

What 1s claimed 1s:

1. A composite dielectric material doped with rare earth
metal oxide, comprising:

a matrix; and a plurality of nanoparticles, wherein the
matrix comprises silicon dioxide, the nanoparticles
comprise at least one type of rare earth metal oxide, and
the particle diameter of the nanoparticles 1s ranged from
2 nm to 10 nm, wherein the composite dielectric material
1s applied to a dielectric layer of a semiconductor wafer,
the waler has a surface and the dielectric layer 1s formed
on the surface of the water, and the dielectric layer
comprises a glass composite of the rare earth metal
oxide and silicon dioxide of the composite dielectric
material.

2. The composite dielectric material doped with rare earth
metal oxide according to claim 1, wherein the rare earth metal
oxide 1s selected from erbium oxide, europium oxide or the
mixture thereof.

3. The composite dielectric material doped with rare earth
metal oxide according to claim 1, wherein the surface of the
waler has atleast two electrode layers, and the dielectric layer
1s disposed between the electrode layers.

4. The composite dielectric material doped with rare earth
metal oxide according to claim 3, wherein the surface of the
waler has a plurality of electronic elements which pass
through the dielectric layer to be electrically connected the at
least two electrode layers with each other.

5. The composite dielectric material doped with rare earth
metal oxide according to claim 1, wherein the nanoparticles
are a glass composite of the rare earth metal oxide and silicon
dioxide different from the silicon dioxide of the matrx.

% o *H % x
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